The monochromatic aberrations present in the eyes of a group of 21 young myopic subjects and 16 young emmetropic subjects were measured along the visual axis at three levels of accommodation. The aberrations were measured using a modified aberroscope technique which makes use of a retinal camera to photograph the shadow image of the aberroscope grid on the retina, while accommodation levels of 0, 1.5 and 3.0 D were induced consensually. Fourth-order aberrations were significantly different between the emmetropic and myopic groups, with the myopes showing lower fourth-order terms. A high proportion of the aberroscope grids photographed in the myopic eyes were too highly aberrated to permit analysis.
INTRODUCTION
The optical system of the human eye produces a variety of monochromatic aberrations which vary in type and degree between individuals. These monochromatic aberrations are rarely symmetrical and there is frequently a coma-like quality to the aberrations (Van den Brink, 1962; Smirnov, 1961; Howland & Howland, 1976 , 1977 Walsh, Charman & Howland, 1984; Walsh & Charman, 1985; Campbell, Harrison & Simonet, 1990) .
A variety of techniques has been utilised to measure the monochromatic aberrations of the eye including retinoscopy (Jackson, 1888; Pi, 1925; Stine, 1930; Jenkins, 1963) , reconstruction of aberrations from the point spread function of the eye (Santamaria, Artal & Bescos, 1987; Artal, Santamaria & Bescos, 1988) , the Foucault test (Berny & Slansky, 1970; Berny, 1969) , measurements using vernier targets imaged through defined regions of the pupil (Ivanoff, 1956; Smirnov, 1961; Jenkins, 1963; Campbell et al., 1990 ) and the aberroscope technique where distortions of a grid pattern imaged on the retina are analysed to derive the aberrations (Howland & Howland, 1976 , 1977 Walsh et al., 1984; Walsh & Charman, 1985) .
While monochromatic aberrations of the eye are largely asymmetrical, longitudinal spherical aberration (a symmetrical aberration) may in some eyes be the major aberration present. Many of the earlier techniques of measuring the eye's monochromatic aberrations provided results only in terms of spherical aberration, and while this is a simplification of the true nature of the aberrations present, they still provide some insight *Centre for Eye Research, School of Optometry, Queensland University of Technology, 2 George St, Brisbane, Queensland 4000, Australia.
into the magnitude of the aberrations present. The normal adult emmetropic eye is traditionally considered to posses positive longitudinal spherical aberration when unaccommodated, so that for a 5 mm pupil, rays of light passing through the periphery of the pupil come to focus in front of paraxial rays by an amount equivalent to 0.5-1.5 D (Ivanoff, 1956; Koomen, Tousey & Scolnik, 1949; Jenkins, 1963; Schober, Munker & Zolleis, 1968; Charman, Jennings & Whitefoot, 1978) . Aberrations are known to vary with the accommodative state of the eye. As accommodation increases, spherical aberration becomes more negative in dioptric power for most subjects (Ivanoff, 1956; Jenkins, 1963; Koomen et al., 1949) . Using the objective aberroscope technique, Atchison, Collins, Wildsoet, Christensen and Waterworth (1995) found a similar trend toward negative spherical aberration with higher accommodation for some but not all subjects, as well as changes in third-order aberrations. Howland and Buettner's (1989) analysis of Van den Brink's (1962) data shows a change in third-order aberrations as accommodation increases. Lu, Munger and Campbell (1993) have reported changes in both third-and fifth-order coma and spherical aberration for some subjects, with changing accommodation.
The quality of the retinal image appears to be capable of influencing the development of refractive errors in many animal species including chickens, monkeys and tree shrews (Yinon, 1984; Wallman, 1993) . In humans, myopia has been associated with retinal image degradation caused by ptosis (Hoyt, Stone, Fromer & Billson, 1981; O'Leary & Millodot, 1979; Robb, 1977) , retinopathy of prematurity (Fledelius, 1981; Goss, 1985) and various other ocular abnormalities present at birth (Rabin, Van Sluyters & Malach, 1981; Nathan, Kiely, Crewther & Crewther, 1985) . Since monochromatic 1158 MICHAEL J. COLLINS et al.
aberrations will also influence retinal image quality, we undertook this study of human myopia to investigate if the monochromatic aberrations present in the eyes of a group of young myopic subjects were the same as those of a group of age-matched emmetropic subjects. Monochromatic aberrations were measured along the visual axis using an objective aberroscope technique, where photographs were taken of an aberroscope grid reflected from the subjects' retina. Since near work has been linked to myopia development (Angle & Wissmann, 1980; Kinney, Luria, Ryan, Schlichting & Paulson, 1980; Richler & Bear, 1980) , we measured the subjects' monochromatic aberrations at three levels of accommodation.
photography. Accommodation responses were determined using a Canon Autoref R-1 autorefractor, with the accommodation target (high contrast letters) presented via a Badal optometer system. Target distances for the Badal optometer were determined to induce 0, 1.5 and 3 D accommodation responses. We estimated the error in accommodation response to be about + 0.25 D during aberroscope..photography.
Photographs of the aberroscope image on the retina were made using 3200 ASA black and white negative film (push-processe d to 6400 ASA), with an exposure time of between 1 and 2 sec. Three to five aberroscope photographs were taken at each accommodation level and the photograph with best resolution was chosen for analysis.
METHODS

Subjects
Subjects were selected for the study based on the following criteria:
(1) age range 17-30 yr; (2) astigmatism no greater than 0.75 D; (3) no regular contact lens wear; (4) no significant ocular pathology; (5) corrected visual acuity of at least 6/6.
Of the 55 subjects who we tested, the results from 16 emmetropic and 21 myopic subjects were analysed. The 16 emmetropes had a mean age of 21 yr (SD _ 3, range 17-19yr) and had a mean refractive error of +0.1 D (SD_ 0.4). The 21 myopes ranged in age from 19 to 29 yr (mean 22 yr, SD + 3) and had a mean refractive error of -3.5 D (SD + 1.7, range -1.75 to -7.00 D).
Aberroscope measurement technique
To measure monochromatic aberrations we used an objective aberroscope technique based upon the methods developed by Howland (1976, 1977) , Walsh et al. (1984) and Walsh and Charman (1985) . A detailed description of our aberroscope technique is presented in Atchison et al. (1995) . Measurements of monochromatic aberrations were made from the right eye of all subjects with the pupil dilated with 2.5% phenylephrine.
Aberroscope grids were imaged on the right eye's retina and photographed using a Zeiss FK50 retinal camera. Accommodation stimuli were presented consensually to the left eye to induce 0, 1.5 and 3 D accommodation response. The subject's dichoptic view was therefore of the accommodation target (seen by the left eye) overlying the aberroscope grid (seen by the right eye). The accommodation target was positioned so that a letter was seen overlying the centre of the aberroscope grid and the subject was instructed to focus on that letter.
Because it was not possible to simultaneously record both aberrations and accommodation, the accommodation responses were measured prior to aberroscope
Aberroscope grid analysis
The photographic negative of the aberroscope image was projected onto a digitising tablet and the 4 × 4 grid co-ordinates down-loaded to an on-line computer. The grid co-ordinates were measured two or three times for each aberroscope pattern and the mean values calculated. We chose to analyse only grids where it was possible to discriminate at least 4 × 4 grid spacings in the photograph.
In the grid analysis, the determination of the centre of the grid pattern is important because it is presumed to coincide with the geometric centre of the entrance pupil. We determined the centre of the grid pattern by examining the symmetry of the grid pattern and counting the ntrmber of grid spacings along the long and short axes of the grid pattern.
Uncorrected spherical refractive errors (or accommodation) cause the aberroscope image to be distorted in a predictable manner. This distortion can potentially limit the ability to resolve other aberrations and we therefore corrected these errors with spherical trial lenses at the plane of the aberroscope. This was achieved by viewing the aberroscope grid imaged on the retina through the retinal camera and trialing lenses until the central area of the grid pattern was approximately square on the retina.
One consequence of using "correcting" lenses in the aberroscope system is that the grid spacing (0.91 mm square) changes as a function of the lens power and this influences the magnitude of the derived aberrations. There were small differences between refractive error groups in the mean size of the 4 x 4 grids at the corneal plane and therefore small differences in the effective aperture over which the aberrations were measured. We corrected for these differences using previously described methods (Atchison et al., 1994) . A 4 × 4 grid with no correcting lens in the system, projected to 2.73 mm square (3.85 mm diagonal) at the corneal plane.
Derivation of aberrations
Monochromatic aberrations were derived by analysis of distortions in the aberroscope grid. These aberrations were expressed as wavefront aberrations, where departure from a perfect sphero-cylindrical wavefront is defined by a wavefront aberration polynomial. The wavefront aberration polynomial can be expressed in a power series (Taylor polynomial) of the form: ( 1) where W is the wavefront aberration in microns and x, y are cartesian co-ordinates in miUimetres in the entrance pupil of the eye, and A to O are aberration (Taylor) coefficients corresponding to the various types of aberration being considered (Howland & Howland, 1976 , 1977 . We adopted the same sign convention as in previous studies which have utilised the aberroscope; x is positive to the subject's right and y is positive in the superior direction. The coefficients A to F are related to prism, sphere and cylinder components which can be corrected with conventional ophthalmic lenses. The coefficients G to J are referred to as third-order aberrations and encompass asymmetrical and coma-like aberrations. The coefficients K to O represent fourth-order aberrations and include spherical aberration (K, M and O terms) and other fourth-order aberrations (L and N terms). Longitudinal spherical aberration was calculated from the K, M and 0 terms of the wavefront polynomial:
where r is the radius of the entrance pupil (Howland & Howland, 1977) .
Grid resolution
For high levels of aberrations, the aberroscope grid pattern can become so distorted that the outer grid intersections of a 4 x 4 grid can no longer be accurately resolved, however the central square of the grid remains relatively clear. We excluded grids from the analysis when this distortion encroached upon the resolution of the central 4 x 4 grid. The effect of various levels of spherical aberration and lateral coma on the aberroscope grid pattern are presented in Fig. i .
For the 18 emmetropic subjects that we tested, only two subjects had poor quality aberroscope photographs at all three accommodation levels. In both of these cases, the poor aberroscope grid quality was considered to be due to poor photography, rather than distortion due to high levels of aberrations. Of the 16 remaining emmetropic subjects, there were five subjects for whom the aberroscope photograph at one accommodation level could not be analysed. Two of these aberroscope photographs could not be analysed because of poor photograph quality and three because of high levels of aberrations. Of the 37 myopic subjects we tested, there were 16 subjects for whom the quality of the aberroscope grid photographs (at all three accommodation levels) precluded analysis. For 6 of the 16 subjects, poor photography was considered to be the major cause of rejecting the photographs. For the remaining 10 subjects, a high level of aberrations was considered to be the major cause for rejecting the aberroscope photographs.
Useable data were obtained from 21 myopic subjects. However of these, there were 10 subjects for whom the aberroscope photograph at one of the accommodation levels was not able to be analysed. Six of these aberroscope photographs were too highly aberrated to resolve a 4 x 4 grid and the remaining four aberroscope photographs were rejected because of poor photographic quality.
Amongst the 37 myopic subjects tested, if we exclude those grids which were not analysed because of poor photograph quality, there were 36 of a possible 99 (36%) aberroscope photographs rejected because the grids were considered too distorted to be resolved. This compares with a rejection rate of three out of a possible 46 (7%) aberroscope photographs (excluding those rejected because of poor photographic quality) for the 18 emmetropes.
The problem of excessive distortion in the aberroscope grids of myopes did not appear to be related to the magnitude of their refractive error. The mean refractive error of the 10 myopic subjects whose grids could not be analysed because of distortions was -3.9 D (SD + 1.8), compared with the remaining 21 myopic subjects whose mean refractive error was -3.5 D (SD + 1.7). This difference was not statistically significant (unpaired t-test; P = 0.5).
RESULTS
Taylor coefficients
The Taylor coefficients derived from the aberroscope grids for each of the myopic and emmetropic subjects tested are presented in Table 1 along with the group mean coefficients (±SD). Of the individual Taylor coefficients only the J (third-order aberration) and M (fourth-order aberration) terms showed a substantial difference between the myopic and emmetropic subject groups, the myopic group having more negative J and M term values. However, after accounting for repeatedmeasures, these differences were not statistically significant (t-tests with Bonferroni adjustment).
Third-order and fourth-order aberrations
The mean-squared-errors of third-order and fourthorder aberrations for the emmetropic and myopic subject groups (4.5 mm pupil), as a function of accommodation level, are presented in Fig. 2 (panels A and B  respectively) . In general terms, the magnitude of the mean-squared-errors (/~m 2) for third-order aberrations was about 2-3 times greater than that for the fourthorder aberrations at all accommodation levels, for both the myopic and emmetropic groups ( Table 2 ).
The interactions between refractive error group, accommodation level and third-order and fourth-order aberrations were investigated using a repeated-measures analysis of variance (ANOVA). Unfortunately the power of these analyses are reduced because of the missing aberroscope results for a number of subjects at different accommodation levels. The subject numbers in each group in the ANOVAs were reduced to 11 emmetropic and 11 myopic subjects, who had complete data across the three accommodation levels.
The myopic group had lower fourth-order aberrations than the emmetropic group at each accommodation level (Table 2) . This difference in fourth-order aberrations between-groups was statistically significant (F1.20 = 5.30, P = 0.03), as was the change in fourth-order aberrations associated with accommodation within-groups (F2,40 = 3.37, P = 0.04).
However there was no significant difference between refractive error groups in fourth-order aberrations associated with changes in accommodation (F2.40 = 0.60, P = 0.55).
The third-order aberrations of the two refractive groups were not significantly different (F,,20=0.21, P = 0.65); nor did they change significantly with accommodation level (within-groups; F2.40 = 1.25, P =0.30 or between-groups; F2.~ = 2.02, P = 0.15). The myopes did show a relatively large increase both in the mean and variance of their third-order aberrations at the 3 D accommodation level compared with the 0 and 1.5 D levels [ Fig. 2(A) ].
Longitudinal spherical aberration
Longitudinal spherical aberration was derived from the fourth-order K, M and O Taylor coefficients. Both groups of subjects showed a trend toward more negative spherical aberration with increasing accommodation level of about 0.17 D for a 3 D change in accommodation with a 4.5 mm pupil size (Fig. 3) .
The interdependence between refractive error group, accommodation level and spherical aberration was investigated using a repeated-measures ANOVA. The difference in spherical aberration between refractive error groups was not statistically significant (/71,20 = 1.05, P =0.32), nor was the change in spherical aberration associated with accommodation within-groups (F2,4o = 2.42, P = 0.10) or between-groups (F2,4o = 0.16, e = 0.85).
Critical pupil diameter (Markchal criterion)
The pupil diameter for which the root-mean-square deviation of the wavefront from a perfect spherocylinder is one-fourteenth of the wavelength of the incident light (632.8 nm for our aberroscope system) is termed the critical pupil diameter (Mar~chal criterion). When the natural pupil diameter exceeds this value, the resolution of the eye is considered to be limited by the aberrations present. The critical pupil diameter derived from individual data covered a range from 2.99 mm (+ 0.49) to 3.18 mm (___ 0.34), across the three accommodation levels (Table 2 ). There was no apparent trend in FIGURE 2. Group mean third-order aberrations (SD) (A) and group mean fourth-order aberrations (+ SD) (B) for the myopic and emmetropic subject groups for 0, 1.5 and 3 D accommodation levels (for a 4.5mm pupil). The third-order aberrations are the meansquared-errors (#m 2) derived from the Taylor polynomial terms G to J. The fourth-order aberrations are the mean-squared-errors (/~m 2) derived from the Taylor polynomial terms K to O.
critical pupil diameter as a function of refractive error group or accommodation level. There was also no significant correlation between critical pupil diameter and refractive error magnitude at any of the three accommodation levels.
DISCUSSION
Our results suggest that there are potential differences in the monochromatic aberrations present in myopic eyes compared with emmetropic eyes. A high proportion of myopic subjects who we tested produced aberroscope grids which appeared too highly distorted to permit analysis with reasonable confidence (36% of potential grids tested for the myopes). This compares with only 7% of aberroscope grids obtained from emmetropic subjects, which appeared too distorted to permit analysis. In view of this limitation, the results of this study probably significantly underestimate the differences in monochromatic aberrations between the eyes of myopic and emmetropic subjects. Of the data we analysed, Data are the group mean_+ SD. LSA, third-order and fourth-order aberrations relate to a 4.5mm pupil. Third-order and fourth-order aberrations are the mean-squared-errors.
the differences were largely confined to the fourth-order aberrations, the myopic group showing significantly lower fourth-order terms than the emmetropes. The origin of the observed differences in monochromatic aberrations between refractive error groups is not clear. They could result from optical effects associated with excessive eye growth in myopic eyes or could contribute to the development of myopia, in line with the hypothesis that poor retinal image quality promotes excessive eye growth. Studies of the ocular dimensions of myopes and age-matched emmetropes consistently show greater vitreous chamber depth for the myopes; however data relating to differences in anterior chamber depth, and the optical and axial dimensions of the crystalline lens and cornea are inconclusive (McBrien & Millodot, 1987; Grosvenor & Scott, 1991; Bullimore, Gilmartin & Royston, 1992; Garner, Yap & Scott, 1992) .
The Taylor coefficients derived from the aberroscope grids of the 37 subjects in this study, were generally similar in magnitude to those derived in previous studies using the aberroscope (Howland & Howland, 1977;  ,< (n .J 
Spherical
Accommodation Level (D)
FIGURE 3. Group mean longitudinal spherical aberration (LSA; ±SD) for the myopic and emmetropic subject groups for 0, 1.5 and 3 D accommodation levels (for a 4.5 mm pupil). The spherical aberration values are derived from the Taylor polynomial fourth-order K, M and O terms using equation (2). Walsh et al., 1984) . Like previous studies of monochromatic aberrations we found that the third-order aberrations were of greater magnitude than fourth-order aberrations (Van den Brink, 1962; Smirnov, 1961; Howland & Howland, 1977; Walsh et al., 1984; Campbell et al., 1990) . There was substantial individual variation in the effect of accommodation for both third-order and fourthorder aberrations. The magnitude of both refractive groups' mean third-order and fourth-order aberrations remained relatively constant across accommodation levels. However the myopes showed a relatively large increase in third-order aberrations at the 3 D accommodation level compared with the 0 and 1.5D levels. Spherical aberration became progressively more negative in power with increasing accommodation, as reported in previous studies (Koomen et al., 1949; Ivanoff, 1956; Jenkins, 1963; Atchison et al., 1994) . However the magnitude of this change in spherical aberration was relatively small compared with data from some previous studies which may have included the contribution of third-order aberrations (Ivanoff 1956; Jenkins, 1963) .
Using the subjective aberroscope technique with a group of 55 eyes (of 33 subjects) of undefined refractive errors, Howland and Howland (1977) found an approximately equal distribution of positive and negative spherical aberration with a mean of positive spherical aberration. These data were collected with an accommodative level presumed to be close to the subjects' tonic accommodation level and show broad agreement with our findings at the intermediate accommodation level 0.5 D). At the three accommodation levels we tested, our myopic group tended to show relatively more negative spherical aberration than the emmetropes, although this difference between groups was not statistically significant.
The derived critical pupil diameters of the myopic and emmetropic subjects in this study were similar and not affected by accommodation. The mean critical pupil diameter of the 37 subjects (averaged across the 3 accommodation levels) was 3.1 mm, which is similar to the mean value of 3.3 mm reported by Walsh et aL (1984) and the median value of 2.8 mm reported by Howland and Howland 0977).
CONCLUSIONS
We have investigated the monochromatic aberrations present in the eyes of a group of 21 young myopic subjects and 16 young emmetropic subjects, along the visual axis and across three levels of accommodation. The emmetropic and myopic groups showed significant differences in fourth-order aberrations, with the myopic subjects showing lower fourth-order aberrations. Thirdorder aberrations were not significantly different between refractive error groups, but showed higher overall magnitudes than the fourth-order aberrations. A high proportion of the aberroscope grids photographed in myopic eyes were too highly distorted to permit analysis. This was not the case for emmetropic subjects and suggests that our statistical comparisons of monochromatic aberrations present in myopes and emmetropes probably underestimates the true differences between these refractive error groups.
